Abstract. Variables determining the number of native and alien plants on arable land in Central Europe are identified. Species richness of 698 samples of weed floras recorded in the Czech Republic in plots of a standard size of 100 m 2 in 1955-2000 was studied in relation to altitudinally based floristic region, soil type, type of cultivated crop, climatic variables, altitude, year of the record, crop cover and height, and human population density in the region. Vascular plant species were classified into native and alien, the latter divided in archaeophytes, introduced before AD 1500, and neophytes, introduced after this date. The use of minimal adequate models in the analysis of covariance allowed determination of the net effects of mutually correlated environmental variables. Models for particular species groups explained 33-48% of variation in species numbers and 27-51% in proportions; however, explanatory variables affected native species, archaeophytes, and neophytes differently. The number and proportion of neophytes increased in 1955-2000, whereas the number of native species and archaeophytes declined (in archaeophytes more slowly in the warm than in the moderate to cool altitudinal floristic region). In warm and dry regions and on dry soils, where most archaeophytes find optimum conditions, fewer native species are able to persist in weed communities than in colder and wetter regions. Archaeophytes respond like neophytes to some variables (climate, seasonal development of crop) and alternatively like native species to other variables (increasing agricultural intensification through time, human population density). Archaeophytes are common in old crops introduced with the beginning of agriculture (cereals), but are poorly represented in relatively recently introduced crops (rape, maize), where neophytes are most numerous. These patterns reflect the history of plant invasions in Central Europe. Neolithic agriculture, introduced from the Near East in the sixth millenium BC, brought archaeophytes with crops and, by creating intense and continuous propagule pressure and imposing new agricultural management, facilitated their invasion. By contrast, the crops introduced during the past five centuries and their specific agrotechnical management have supported spreading of other weed species, mainly invaders from overseas.
INTRODUCTION
Studies on plant invasions address several fundamental topics, one of them being the identification of features that make some habitats more invasible than others (Crawley 1987 , Williamson 1996 . It long has been recognized that human-made (anthropogenic) habitats, especially in settlements, are prone to invasion by alien species, which is attributable to habitat heterogeneity, frequent and diverse disturbances, and intensive propagule pressure typical of this environment (Gilbert 1989 , Kowarik 2003 . Arable land, a humanmade habitat with a high representation of alien spe- 5 E-mail: pysek@ibot.cas.cz cies, is an environment with specific disturbance regimes. Arable fields are not only disturbed with varying frequency, intensity, and predictability; they also have been directly created by disturbances associated with agriculture since the Neolithic Age (Ellenberg 1950 , Holzner and Immonen 1982 , di Castri 1989 . Such disturbances can be described in terms of crop management but are difficult to quantify, as they often are hidden behind the overwhelming effect of site conditions (Pyšek and Lepš 1991 , Dale et al. 1992 , Salonen 1993 , Erviö et al. 1994 , Andersson and Milberg 1998 , Hallgren et al. 1999 . Studies analyzing the determinants of weed species richness are rare (Stevenson et al. 1997 , Kleijn and Verbeek 2000 , Hyvö nen and Salonen 2002 , and hardly any have focused on detecting general patterns of alien species invasions. In another paper, using the same data set (Pyšek et al. 2005) , we detected regional patterns of overall plant species richness in temperate weed communities, and determined the net effects of environmental variables that are mutually correlated. Numbers of weed species were significantly affected by altitudinal floristic regions and by the year of sampling. The differences in diversity of the weed flora were mainly attributable to management, and partly to crop-specific agricultural practices, as well as to general intensification of management of arable fields during the past decades. However, the species pool of weeds on Central European arable land consists of two groups of species, distinct with respect to their origin status (sensu Pyšek et al. 2004a) , specifically whether they are native or alien to the region. Among the latter, two groups are traditionally distinguished in Central Europe. Archaeophytes were introduced between the beginning of Neolithic agriculture and the European discovery of America, while species introduced after that date are termed neophytes (Thellung 1905 , Holub and Jirásek 1967 , Pyšek et al. 2002a ). The separation between natives and archaeophytes is sometimes difficult and relies on a combination of palaeobotanical, archaeological, ecological, and historical evidence (Preston et al. 2002 , Pyšek et al. 2004a . Given their different history in the target region and suite of traits in which archaeophytes differ from native taxa (Klotz et al. 2002 , Pyšek et al. 2003c , 2004b it can be expected that their occurrence in weed vegetation of present-day arable fields may not be driven by the same factors (Lososová et al. 2004) . The aim of the present paper is to assess putative differences in the environmental affinities of native species, archaeophytes, and neophytes.
We employ a large data set of vegetation plots and statistical analysis to determine the net effect of particular explanatory variables. The present paper attempts to answer the following questions: (1) What are the principal variables determining the number and cover of native species, archaeophytes, and neophytes on Central European arable land, and do they differ among these groups? (2) What were the historical dynamics of native, archaeophyte, and neophyte species on arable land over the second half of the 20th century?
THE DATA
We used a data set of 712 vegetation plots from the Czech Republic, a country that represents a suitable model for studies of diversity at a landscape scale because of its variable geology and climate (Neuhäuslová et al. 2001) . The survey was made by Z. Kropáč in 1955 Kropáč in -2000 , from March to October, in plots of a standard size of 100 m 2 . In particular fields, the sample plot was usually located where weed vegetation was best developed, most diverse, and not affected by recent herbicide use. Therefore sample plots can be biased toward higher species richness than found in average weed vegetation existing in the landscape (Chytrý 2001) . However, as they were all sampled by a single researcher who used the same sampling strategy over the whole study period, direct comparison of weed species richness and cover is possible within our data set.
Species cover in the field was estimated using a Domin 10-degree scale, which was transformed to percentages to provide input data for analyses (Westhoff and van der Maarel 1978) . The sample plots are stored in the Czech National Phytosociological Database (Chytrý and Rafajová 2003: No. 342001-342781) . We deleted 14 randomly selected plots from those localities where more than one plot was sampled, in order to avoid oversampling of some areas (Pyšek et al. 2005) . The remaining 698 sample plots, used in the analyses, were distributed throughout the country (Pyšek et al. 2005) . Records of cultivated crop plants were deleted from the species data set and crop type was used as an environmental variable.
Vascular plant species were classified into native and alien, the latter group further divided in archaeophytes and neophytes. The status of these species was taken from Pyšek et al. (2002b) .
For each sample plot, the following variables were recorded: (1) number of native species (range 1-31), archaeophytes (4-39), and neophytes (0-6); (2) percentage of native species (4.3-78.8%), archaeophytes (18.2-95.7%), and neophytes (0.0-24.0%); (3) relative cover of native species (3-89%), archaeophytes (11-97%), and neophytes (0-47%), determined as the sum of covers of all species in each group compared with the sum of covers of all species recorded in the sample plot; (4) crop cover (0-90%); (5) crop height (0-270 cm); (6) crop type, with the following eight categories, representing also a specific type of management: cereals 377 sample plots (following crops were distinguished within this category: wheat 174, rye 110, barley 65, oats 28), fodder 108 (legume-grass mixture 38, alfalfa 36, clover 29, other 5), root crops 90 (potato 64, beet 25, other 1), stubble (a field with remains of crop after harvest) 55, rape (canola) 24, vegetable 19, maize 18, and other crops 7 (flax, poppy, sunflower, millet); (7) year of the record (range 1955-2000) ; (8) season, derived from the date when the sample plot was taken (mid-March to early October) and coded as the number of half-month periods from the beginning of the year (e.g., 14 was a code for the second half of July [Lososová et al. 2004] ); altitude (range 145-950 m above sea level); (9) soil type, classified into 9 categories, based on FAO-UNESCO (1988) classification: cambisol (brown soil) 347 plots (further divided into following subgroups: dystric 198, eutric 118, mollic 21, stagno-gleyic 10), luvisol 94, chernozem 80, calcaric regosol 78, planosol 43, fluvisol 21, podzol 13, rendzina 12, and phaeozem 10. Information on soil type was derived from Tomášek (2000) .
Using overlays of sampling sites with digital maps in the ArcGIS geographic information system, the following five additional characteristics were obtained for each plot. First is altitudinal floristic region. Three basic regions are recognized in the Czech flora: Ther-mophyticum, i.e., a region of thermophilous flora and vegetation; Mesophyticum with mesophilous flora and vegetation; and Oreophyticum with mountain flora and vegetation (Skalický 1988) . Since there were only 22 records attributable to Oreophyticum, these were pooled with Mesophyticum. Consequently, only two regions, Thermophyticum (n ϭ 364, termed as a warm altitudinal region), and Mesophyticum combined with Oreophyticum (n ϭ 334, now designated as a moderateto-cold altitudinal region), were used in the analyses. Second are climatic regions on a 12-degree ordinal scale representing a gradient from warm and dry to cold and wet (Quitt 1975) . Third is mean annual temperature (range 4.5-9.5ЊC; 50-year averages taken from Vesecký et al. 1958) . Fourth is annual precipitation sum (425-1300 mm; 50-year averages taken from Vesecký et al. 1958) . Fifth is the density of human population (number of inhabitants per square kilometer) in the respective administrative district, which was taken as a measure of propagule pressure; the country consists of 77 districts of average size 1025 Ϯ 394 km 2 (mean Ϯ 1 SD).
In the literature on plant invasion, the term weed is usually used with the implication of negative impact, i.e., to designate invasive plant pests that are considered harmful, sometimes termed ''environmental weeds'' (Humphries et al. 1991 , Randall 1997 . In the United States, it is used for a subset of weedy taxa, those whose control/eradication is mandatory (Richardson et al. 2000b , Pyšek et al. 2004a ). In the present paper, weeds are understood to be plants (not necessarily alien) that grow in sites where they are not wanted (Rejmánek 2000) without any implication of invasion status (in the sense of Pyšek et al. 2004a ).
STATISTICAL ANALYSIS
The response variables were (a) species numbers, (b) species proportions, and (c) relative covers of native species, archaeophytes, and neophytes. Following Sokal and Rohlf (1995: 415-417) , species numbers were square-root transformed to obtain an appropriate transformation for count data, and coded by adding 0.5 (because the numbers of neophytes included zeros). Data on proportions and relative covers were transformed into logits (e.g., Crawley 1993: 267-268) . To prevent the logits that were estimated from small samples having undue influence, logits were weighted by the total number of species in each plot. The errors in the response variables were assumed to be binomially distributed (Cox and Snell 1990) , and checked for overdispersion by examining whether the residual scaled deviances were not larger than the residual degrees of freedom (e.g., Crawley 1993: 278-279) . For proportions, the overdispersion was small, and thus treated by McCullagh and Nelder's (1989) correction. For relative covers, the overdispersion was large, and the sample sizes were very unequal. Therefore, the overdispersion was treated by Williams' adjustment for unequal binomial denominators (Crawley 1993 : 351-353, Pyšek et al. 2002a , 2003b . The appropriateness of the transformations was checked by plotting standardized residuals against fitted values, and by normal probability plots.
The explanatory variables included three categorical variables, further referred to as factors. They were altitudinal floristic region (two levels: warm, and moderate-to-cold), soil type (nine levels), and crop type (eight levels), and nine ordinal or continuous variables, hereafter referred to as covariates. These covariates were altitude, climatic regions, mean annual temperature, annual precipitation, crop height, crop cover, year of the record, season, and density of human population. To achieve a comparable influence, all the covariates, measured on different scales, were standardized to zero mean and unit variance.
Data were evaluated using analyses of covariance (ANCOVAs) in GLIM version 4 (Francis et al. 1994) . The aim of each analysis was to determine (a) the minimal adequate model (Appendix A), and (b) net effect of each explanatory variable. This is an effect attributable only to a particular variable and unbiased by other explanatory variables (Appendix B). In the minimal adequate models, all explanatory variables (factors and covariates) were significantly different (P Ͻ 0.05) from zero and from one another, and all nonsignificant explanatory variables were removed. This was achieved by a stepwise process of model simplification, beginning with the maximal model, containing all factors, interactions, and covariates that might be of interest, then proceeding by the elimination of nonsignificant terms (using deletion tests from the maximal model), and retention of significant terms, following Lonsdale (1999) and Pyšek et al. (2002a Pyšek et al. ( , c, 2003a Pyšek et al. ( , 2005 . To prevent biases to the model structures caused by correlation between variables, model simplifications were made by backward elimination from the maximal models by using stepwise analysis of deviance tables (Crawley 1993: 192-197) . The results obtained thus were not affected by the order in which the explanatory variables were removed in the stepwise process of model simplification.
RESULTS

Representation of native species, archaeophytes, and neophytes in arable fields
The species pool of investigated plots in arable fields consisted of 186 native taxa, 149 archaeophytes, and 33 neophytes (368 taxa in total; Appendix C). This represents 6.8% of the total number of native taxa reported for the Czech flora (n ϭ 2754; Kubát et al. 2002 , Pyšek et al. 2002b , 45.2% of the country's archaeophytes (n ϭ 332; Pyšek et al. 2002b ) and 3.2% of its neophytes (n ϭ 1046; Pyšek et al. 2002b ). In sampling plots, archaeophytes were more represented than na- Notes: Mean species number per plot and the percentage contribution of the three groups based on species numbers and cover is shown. The species pool indicates the total number of species of each group in all the plots sampled and the percentage contribution to the total species pool.
tives both in species numbers and cover, and neophytes were again the fewest present (Table 1) .
Overall models and percentage of explained variation
Minimal adequate models for particular species groups had a high predictive power. Explained variation ranged from 33 to 48% in species numbers and from 27 to 51% in proportions (Appendix D). The variables contributing to the explained variation were the year and season of the record, climate, crop type and its vigor, soil type, and human population density (Table 2).
Time of the record, represented by year and season, exhibited both direct effect, unbiased by relationship with other explanatory variables, and indirect effect, indicated by interactions with other variables. A highly significant interaction of year with altitudinal floristic region and of both year and season with crop type was found ( Table 2 ).
The effect of climate was evaluated by using primary climatic variables (temperature, precipitation) and synthetic characteristics (altitudinal floristic regions, climatic regions, and altitude). Of the primary variables, only precipitation had a direct, significant effect. The effect of temperature, and climate in general, appeared best manifested indirectly, through synthetic variables. These variables exhibited both direct and indirect effect, the latter indicated by significant interactions of altitudinal floristic region with climatic regions, altitude, and crop cover (Table 2) .
Crop type was the only variable that had a direct, significant effect on all variables investigated, that is, species number and proportion of native species, archaeophytes, and neophytes, respectively. In addition, an interaction of crop type with year, season, and crop height was found; in no case did crop height have a direct effect, and its influence was manifested only through this interaction. Similarly, crop cover only affected the investigated characteristics by an interaction with altitudinal floristic region. Soil type had an effect on all examined characteristics except for the proportion of neophytes. The effect of soil type was always direct, and this variable never interacted with others. The same was true for human population density (Table 2) .
Relative covers of native species, archaeophytes, and neophytes were affected by none of the variables used, and maximum models with these characteristics as response variables were never significant. As indicated in Table 2 , the effect of variables on the performance of particular species groups (native, archaeophytes, and neophytes) was not consistent, but affected their numbers and proportions in different ways. These particular effects are described below.
Effect of time: seasonal variation and changes over the last 45 years
The year of record had a significant effect on the number and proportion of neophytes and on the number of native species (Table 2) , although each group responded to this variable in a different way (Table 3) . Whereas the number and proportion of neophytes significantly increased from 1955 to 2000, the opposite was true for the number of native species.
Archaeophytes were not affected directly by the year of record, but by an interaction of this variable with altitudinal floristic region and with crop type (Table 3) . Their number decreased both in warm and in moderateto-cold altitudinal floristic regions, although the decrease was slower in the former. The interaction with crop type was manifested by the number of archaeophytes in fodder significantly increasing over the study period (Table 3) .
The proportion of both neophytes and native species was directly affected by season (Table 2) . While neophytes increased their proportion from spring to autumn, a reverse trend was true for native species (Table  3) . Archaeophytes and the numbers of neophytes were not affected by the season directly, but through its interaction with crop type (Table 2 ). The number of neophytes in cereals, rape, vegetable, and other crops increased during the course of the season, and so did the number and proportion of archaeophytes in fodder, as well as the number of archaeophytes in stubble. In rape, however, there was a negative effect of season on the proportion of archaeophytes (Table 3) .
Effect of climate
The proportion of neophytes decreased with increasing altitude (Table 3 ). This effect was direct and highly Ecology, Vol. 86, No. 3 
11.00 1, 672 0.001 significant (Table 2 ). For proportions of archaeophytes and native species, there was an interaction of altitude with altitudinal floristic region ( Table 2) . Within the moderate-to-cold region, the proportion of archaeophytes decreased with increasing altitude. As a consequence of proportional decrease in archaeophytes and neophytes, the proportion of native species seemingly increased with altitude (Table 3 ). In fact, this decrease in proportional units was a consequence of the increase of the two remaining proportions. Unlike proportions, the numbers of species in particular groups were not affected by altitude. Climatic regions, expressed on an ordinal scale increasing from warm and dry to cold and wet, had a direct effect on the number of native species, and an indirect effect, manifested by the interaction with altitudinal floristic region, on the number of archaeophytes (Table 2) . Native species and archaeophytes responded to the effect of climatic regions in different ways. While the number of native species increased from warm and dry to cold and wet climatic conditions, the opposite trend was true for archaeophytes in moderate-to-cold floristic regions, where their numbers decreased towards cold and wet climatic regions (Table  3) . No significant effect of climatic regions on the number of neophytes was found.
There was a direct, significant effect of annual precipitation on the number and proportion of archaeophytes and native species (Table 2) , negative in the former and positive in the latter group (Table 3) . Precipitation affected neither the number nor the proportion of neophytes.
Altitudinal floristic region had no effect on neophytes but significantly affected the performance of the other two groups. Besides its interaction with altitude and climatic regions described above, altitudinal floristic region had a direct effect on the number and proportion of native species and on the proportion of archaeophytes (Table 2 ). More native species were present in the moderate-to-cold than in the warm altitudinal floristic region. Similarly, in terms of proportions, native species were more represented in the moderate-to-cold rather than in the warm floristic region, whereas the warm altitudinal floristic region harbored proportionally more archaeophytes. In addition, there was a significant interaction between altitudinal floristic region and crop cover, influencing the number of archaeophytes and proportion of native species (Table 2). The number of archaeophytes in the moderateto-cold region and the proportion of native species in the warm altitudinal floristic region both decreased with increasing crop cover ( Table 3) .
Effect of crop type
There was a direct and significant effect of crop type on number and proportion of species in all three groups ( Table 2 ). The net effect of crop type on species numbers (Appendix E) and proportions (Appendix F) was fairly consistent. Archaeophytes were highly represented in cereals and root crops but little represented in rape. Neophytes were most represented in maize, and in terms of numbers also in root crops; by contrast native species performed best in fodder and stubble, ALIEN PLANTS ON TEMPERATE ARABLE LAND 
and worst in vegetables, maize, and a miscellaneous group of other crops (Appendices E and F). Besides the interaction of crop type with year and season, described above, there also was a significant interaction between crop type and its height, found for the number and proportion of native species and number of archaeophytes (Table 2 ). Number and proportion of native species increased with crop height in cereals, but decreased for fodder (Table 3) .
Effect of soil type
The effect of soil type in minimal adequate models always was direct and significant, except the proportion of neophytes (Table 2 ). Net effects indicated that in terms of both species number and proportion, native species are poorly represented on chernozem and best on fluvisol soils. The occurrence of archaeophytes exhibited an opposite pattern, with the highest proportions on chernozem and rendzina and the lowest on fluvisol (Fig. 1) .
Effect of human population density in the region
Human density had a significant and positive effect only on the number and proportion of neophytes and did not affect the occurrence of the other two groups (Table 2 ). Both number and proportional representation of neophytes increased with increasing human population density (Table 3) .
DISCUSSION
Neither fish nor fowl: archaeophytes between native species and neophytes
Native species, archaeophytes, and neophytes respond to the variables affecting their performance on arable land in different ways (Table 4) . On a half-century time scale , numbers of archaeophytes and native species have significantly decreased in sample plots on arable land in the Czech Republic. This corresponds to the repeatedly reported trend of a decrease over time in the richness of Central European weed flora (Tü xen 1962 , Hilbig 1987 , Kropáč 1988 , Hilbig and Bachthaler 1992 , Andreasen et al. 1996 , Lososová 2003 , Pyšek et al. 2005 , which is usually attributed to the intensification of crop production and increasing use of herbicides and fertilizers. On the other hand, our study showed that neophytes are progressively more numerous in arable fields and their proportion also significantly increased during the second half of the 20th century. This accords well with the number of neophytes in the total flora of the Czech Republic steadily increasing over the study period: of the total number of neophytes with a known date for their first report, only 65% were present in 1955 (Pyšek et al. 2003d) , and the remaining 35% were immigrants during the period addressed in the present paper. In addition, the naturalization process of some of the neophytes present in 1955 continued as they entered new habitats, including arable fields. The increasing performance of neophytes in arable fields is in accordance with their positive relationship to increased human population density, which supports a higher propagule pressure (Pyšek et al. 2002a (Pyšek et al. , 2003a . Casual species, numerically the most abundant subgroup of neophytes, crucially depend on the repeated input of propagules for their continued existence (Richardson et al. 2000b ). Human population density, on the other hand, had no effect on archaeophytes. Since these alien species have been present for millennia, a majority of them are nat- uralized (78% compared to 21% of neophytes [Pyšek et al. 2002b] ) and widely distributed (52% are estimated to have Ͼ500 localities in the country compared to 7% of neophytes [Pyšek et al. 2003d] ). These figures indicate that archaeophytes are present in the landscape in sufficient abundance, making them capable of persisting independently of human translocation of their diaspores. With regard to a response to climate, both groups of aliens increase their representation under warm conditions (Table 4) . This indicates the importance of a climatic match, a necessary condition for successful invasion (Chicoine et al. 1985 , Panetta and Mitchell 1991 , Scott and Panetta 1993 , Richardson et al. 2000a . As most aliens of temperate zones were introduced from regions with warmer climate (Kowarik 1990 , Sukopp 2002 , they have to be able to flower early, which is the only effective mechanism to ensure proper seed set or storage of necessary embryonic food reserves (Reichard and Hamilton 1997, Pyšek et al. 2003d ) . The life cycle of many neophytes nevertheless is shifted toward warmer periods in late spring and summer (Crawley et al. 1996) , which is reflected by an increase in their numbers and proportion as crop community develops (Table 4 ). The same increase over the season was found in archaeophytes, although the relationship was weaker than that for neophytes (for proportions: P ϭ 3 ϫ 10 Ϫ3 and P ϭ 1 ϫ 10 Ϫ7 , respectively). At the same time, proportional representation of native species is decreasing. Although the differences in flowering time between archaeophytes and native species are no longer detectable by comparison to the total country's flora (Pyšek et al. 2004a) , the increase of archaeophyte representation with crop seasonal development indicates that after several millenia of adaptation, the effect of climatic conditions in the primary distribution range is still obvious. For archaeophytes climate still acts as a major constraint to their wider distribution, even in habitats to which they are otherwise perfectly suited (Lososová et al. 2004) .
Archaeophytes respond like neophytes to some variables (climate, seasonal development of crop) and alternatively like native species to other variables (increasing agricultural intensification through time, propagule pressure). This can be explained by the history of alien plant invasions in Central Europe. With respect to invasions, arable land represents a special habitat. Neolithic agriculture was introduced into the study region from the Near East via the Mediterranean area; the process started in the sixth millenium BC and triggered a continuous stream of plant invasions from the southeast (Roberts 1998) . Principal landscape changes accompanied by immigration of new plant species continued during the Late Neolithic/Copper Age, with improvements in agriculture such as introduction of ploughing implements. Based on palaeobotanical data, it is estimated that during the first thousand years after the advent of agriculture a significant proportion (35%, Pyšek et al. 2003c ) of the presently known 332 archaeophytes found their way to the Czech Republic 
and Central Europe (see also Lang 1994) . Their immigration was facilitated by the fact that during the Copper Age, there already was a rather high proportion of deforested landscape in lowlands (Ložek 1973) . Subsequently this invasion continued steadily until the Middle Ages (Pyšek et al. 2003c ). An important aspect of these historical processes is that many archaeophytic weeds were unintentionally but directly introduced by Neolithic farmers, namely as admixtures to crop seed. The diaspore pressure, a crucial condition for a successful invasion (Williamson 1996) , must have been intense and continuous, and facilitated the early invasion of archaeophytes into local communities. During the Neolithic Age, crops and archaeophytes were sown into slightly disturbed native vegetation. Initially, fertilization was absent, and once the soil was depleted, cultivation shifted to other sites; individual landscape patches experienced periods of extensive management and abandonment (Ellenberg 1988) . A primitive and rather ineffective tillage system came into use during the Copper Age and additionally contributed to the suppression of native species. This management, which supported archaeophytes, persisted for several millennia, until deep tillage was introduced in the 19th century. Until then, the persistence of perennial native species also was facilitated by rotational management systems in which fields were abandoned once every three years (Ellenberg 1988) .
This places archaeophytes into an intermediate position between native and neophytic weeds. From an historical (residence time) and habitat viewpoint, archaeophytes are more similar to native weeds than to neophytes. However, their origin in climatically warmer regions makes them more similar to neophytes than to native species.
Effect of climate
The number of native weed species is lower in warmer and drier areas than in colder and wetter ones. This result is highly significant and consistent, whether it is tested by altitudinal floristic region or by climatic region. Such a consequence is rather surprising, since in temperate floras, native species richness generally increases towards regions with warmer climate (e.g., Pyšek et al. 2002c ). An opposite pattern found here provides additional support for the above suggested scenario of archaeophytic species easily invading resident vegetation communities. In warm and dry regions with calcareous soils, the competition of naturalized archaeophytes with native species might have been sufficiently effective so that only a limited number of native weeds were able to persist on arable land. At higher altitudes with colder climate, under conditions less optimal for archaeophytes (Hü gin 1999), more native species were able to successfully colonize the newly developing habitat. Additionally, higher altitudes of the study area were colonized as late as the Late Middle Ages and have contained arable fields for a much shorter time. Archaeophytes therefore had less time to become established in such landscapes, compared with warmer regions at lower altitudes with millennia of human colonization history. Ecology, Vol. 86, No. 3 FIG. 1. Net effects of soil types on species numbers and proportions. The horizontal lines show soil type groups that are not significantly different by least significant differences (LSD). Histogram bars are means (Ϫ1 SE) with sample sizes displayed above. Key to abbreviations for soil types: chern, chernozem; podz, podzol; phae, phaeozem; rego, calcaric regosol; rendz, rendzina; luvi, luvisol; camb, cambisol; plan, planosol; fluv, fluvisol. For the number of native species, F ϭ 2.48, df ϭ 8, 689, P Ͻ 0.05, R 2 ϭ 2.8%; for the proportion of archaeophytes, F ϭ 4.72, df ϭ 8, 689, P Ͻ 0.001, R 2 ϭ 5.2%; for the proportion of native species F ϭ 5.37, df ϭ 8, 689, P Ͻ 0.001, R 2 ϭ 5.9%. Season Climate Soils Human density Native species decrease (N) decrease (P) more represented in cool and wet (N, P) more represented on wet (N, P) no effect Archaeophytes decrease (N) increase (N, P) more represented in warm and dry (N, P) more represented on base-rich and dry (P) no effect Neophytes increase (N, P) increase (N, P) more represented in warm (P) no effect increase (N, P)
Notes: Only general and unequivocal trends are outlined; some interactions with crop types that do not follow the general trends are omitted. Trends in numbers (N) and proportions (P) are indicated.
As in the companion study (Pyšek et al. 2005) , the effect of climate was most obviously manifested indirectly, through altitude, climatic region, and altitudinal floristic region. In neophytes, altitude was the only climate-related predictor of their performance. However, the interaction of climate with temporal trends had a similar effect on the occurrence of archaeophytes as it did on native species; their numbers decreased over the study period, but less so in a warm altitudinal floristic region. We suggest that the more pronounced decrease in the number of archaeophytes over time in the moderate-to-cold altitudinal floristic region is caused by the fact that, at higher altitudes, intensification of crop production with increasing fertilization and increasing use of herbicides was temporally delayed, hence suppressing the weed flora progressively during the study period. In fertile lowland regions the intensification was already high at the beginning of the study period (Pyšek et al. 2005) .
The effect of altitudinal floristic region on the performance of archaeophytes can be inspected in more detail by investigating the interaction of this variable with climatic regions (defined by a number of climatic variables [Quitt 1975]) . The response of archaeophytes in moderate-to-cold altitudinal floristic regions was further differentiated based on climate, with their species number increasing towards warm and dry climatic regions. Obviously, archaeophytes find favorable environments across the entire warm altitudinal floristic region, but lack vigor under deteriorating conditions of a moderate or even cold region. These differences in climate affect their representation. Moreover, under suboptimal conditions experienced by most archaeophytes in the moderate-to-cold altitudinal floristic region and by native species under a warm regime, each group was negatively affected by crop cover. The number of archaeophytes decreased with increasing crop cover in the moderate-to-cold region, while the proportion of native species decreased with increasing crop cover in the warm region.
The present study also revealed a direct effect of a primary climatic variable, namely total annual precipitation. Archaeophytes are favored not only by a warm climate but also by a dry one, while native species are more numerous in weed communities from areas with higher precipitation. The effect of precipitation was found not only for proportional representation of both groups but also for the number of species. That neophytes were not affected by precipitation can be explained by the overwhelming effect of altitude, a variable in which the effect of precipitation is included. Neophytes in the flora of the Czech Republic are considerably more diverse in origin than archaeophytes that have been recruited almost exclusively from the Near East, Mediterranean, and adjacent regions (Pyšek et al. 2002b ). The diverse origin of neophytes brought about a higher variation in requirements for moisture, manifested in regions to which they were introduced. Moreover, neophytes are present in the study region for a much shorter period of time; many of them have not yet occupied all climatically suitable areas and may not be so well adapted and finely tuned to the Central European climate. The response of neophytes to the climatic conditions is therefore best reflected by the coarser measure of altitude (Hü gin 1999), while for the other two groups, present for a much longer time, it is more subtle and differentiated.
Effect of crop type
Crop type affected the representation of particular species groups not only directly but also by interactions with other variables. While in some crops archaeophytes proportionally increased during the course of a season, in others such as rape they were gradually decreasing. An increase of archaeophytes over the season is a common response and reflects the successional development of weed communities in the course of the growing season (Kropáč et al. 1971 , Ellenberg 1988 , 2004 . The negative relationship between weed performance and rape (Brassica napus L.) indicates an intense competition for nutrients and light, as increasing shading from the crop throughout the season leads to the suppression of weeds (Ellenberg 1988 , Pyšek et al. 2005 . Stands of rape are rather dense and the competitive effect on weeds may be quite strong. Of all crop types, rape harbors the lowest proportion of archaeophytes despite the fact that the total number of weed species is quite high (Pyšek et al. 2005) . Rape initially was planted in the study territory rather late, during the 13th century, and modern cultivars came into massive use in the mid 20th century (Zelený 1992) . The degree of coadaptation of archaeophytes to rape may therefore be lower than that to other crops.
Regarding long-term changes in weed vegetation, the only exception to the general decrease in the number of archaeophytes over the study period is fodder, where the trend was opposite. Many fodder crops in the study area are neophytes, especially alfalfa (Medicago sativa L.) and alsike clover (Trifolium hybridum L. subspecies hybridum). Although other frequently planted fodder crops are archaeophytes (garden pea, Pisum sativum L.) or native (red clover, Trifolium pratense L.), the contribution of neophytes to fodder is substantial. Alfalfa first was planted in France in the 16th century, and spread from there to Central Europe (Mansfeld 1986 ). Planting of alsike clover became popular in the Czech Republic late in the 19th century (Opiz 1852) . The increase of archaeophytes within fodder over time therefore reflects a situation completely different from crops that are themselves archaeophytes. At the time alfalfa and alsike clover were introduced, archaeophytic weeds were already naturalized in the landscape and invaded new habitats formed by these crops. Our results indicate that this invasion is still in progress. That fodders with different residence times differ in the dynamics of their archaeophytes provides additional support for this conclusion. The number of archaeophytes increased over the study period in neophytic fodder crops, alfalfa and alsike clover (common regression slope (mean Ϯ 1 SE) on the year of record ϭ 0.21 Ϯ 0.10; n ϭ 65; P Ͻ 0.05). The situation in these crops thus is similar to invasions of all crops by neophytes, a group typified by an increasing trend of species numbers over the last 50 yr (Table 3) . However, in the legume-grass mixture of native and archaeophyte fodder crops, the number of archaeophytes over the study period decreased (slope ϭ Ϫ0.32 Ϯ 0.11; n ϭ 38; P Ͻ 0.05), as in other crops of archaeophytic origin.
Fodder also was exceptional in that the number and proportion of native species, otherwise quite high for this crop type, decreased with crop height. The opposite relationship, found in other crop types, indicates that weeds increase and cultivated crop species grow taller over time without any causal relationship (Pyšek et al. 2005) . The pattern revealed in fodder may reflect the nitrogen-fixing capacity of legumes. As fodder crops grow, the soil is progressively more enriched by nitrogen (Gill and Fick 2001) . This availability of nitrogen from symbiotic fixation to other plants is widely used in agriculture, where sequential cropping or intercropping systems with legumes increase yields of other crops (Bullied et al. 2002 , Malhi et al. 2002 . The nutrient-rich environment, however, is also becoming more favorable for nutrient-demanding weed species, and archaeophytes exhibit higher demands for nitrogen than native species (Pyšek et al. 2004b ). Accordingly, some oligotrophic native species may be limited. This hypothesis is further supported by the fact that the negative effect on representation of native species was determined only by fodder height, not by seasonal development of this crop's stand. Both variables, season and height, are measures of change throughout the year, but the latter is more closely related to crop production and the associated increase in nitrogen contents of the soil.
Historical crop-weed associations are also reflected in the net effects exerted by particular crops on weed species with different origins and residence status, and act in concert with agricultural management. In our study, these net effects are unbiased by the fact that particular crops are planted in specific climatic and soil conditions. This pattern is rather complex, but some trends can be discerned: occurrence of particular groups of weeds in relatively recently introduced crops (maize, rape, alfalfa, and alsike clover) is different from that in old traditional crops introduced with the beginning of agriculture. In terms of species numbers (Appendix E), archaeophytes are poorly represented in neophytic crops (rape, maize), where neophytes are most numerous. The pattern is reversed in cereals that are rich in archaeophytes but poor in neophytes. The pattern of native species richness in particular crops does not seem to depend on the length of cultivation.
An exception to the fact that more archaeophytes tend to occur in more ancient cultures and neophytes in modern ones are root crops, represented by potato and beet in our sample. Potato (Solanum tuberosum L.) was introduced to Europe during the 16th century, but its extensive planting at the study territory dates to the second half of the 18th century (Š těpánek and Tomšovic 2000) . Beet (Beta vulgaris L.) has been planted extensively in the study area since the 18th century (Tomšovic 1990) . Root crops are therefore neophytes, but harbor the highest number of archaeophytes of all crops. However, they are also rich in native weeds and neophytes. Root crops are managed by hoeing several times during the growing season, which decreases the competition from the crop and from already established weeds, and supports the establishment of many different weed species from propagule sources existing in the landscape.
Historical weed-crop associations and the crop-specific management also are reflected by proportions of species numbers, with archaeophytes best represented in cereals, and poorly represented in rape and fodder. Maize, another neophyte, harbored the highest proportion of neophytic weeds of all crop types. In general, it was the crop type poorest in weed species (Pyšek et al. 2005) . Before maize germinates, the soil is treated with triazine herbicides, which suppress weeds but do not affect maize (Piutti et al. 2002) . The limited number of species that are capable of coping with these herbicides are mostly recruits from the pool of neophytes.
Effect of soil type
Neolithic farmers brought the crops, management, and a substantial part of weed flora, but not the soils; these were local. The distribution of soil types at the study area is determined by climate and bedrock type. However, the net effects of soil types on the composition of weed communities identified here make it possible to infer the tentative scenario of development of weed communities on different soils. Archaeophytes are preferentially represented on calcareous and dry soils such as rendzina, chernozem, and regosol. By contrast, native species are under-represented on these soils, but over-represented on fluvisols, a productive soil type in river floodplains that is well supplied with nutrients, and water, and on planosols, that is, soils with a clay accumulation in the subsurface layer, which leads to seasonal waterlogging (Fig. 1) . At the scale of local landscapes the gradient between dry and wet soils exerts similar effects on the performance of archaeophytes and native species, as does precipitation on a broader geographic scale (Table 3) . While archaeophytes decrease and native species increase with precipitation, archaeophytes predominate on drier soils and native species on wetter soils if precipitation is held constant.
Identifying net effects: a tool to reveal hidden context
Minimal adequate models in this paper had a high predictive power, explaining ϳ40% of the variation in species numbers and proportions, and even 48-51% for native weeds alone. This is quite high compared to 29% explained by analyzing total species richness of weed flora not separated into native and alien species (Pyšek et al. 2005) . This indicates that to obtain a closer insight, we need to separate native species from aliens, and classify the latter according to their residence status (Pyšek et al. 2003b ). Dividing species into three groups (Table 4) not only made it possible to explain more variance, but also revealed some explanatory variables that appeared nonsignificant for the whole data set, because particular groups, namely archaeophytes and native species, responded to their action in an opposite and complementary way. Soil type can be used as an illustrative example of this phenomenon. A higher representation of archaeophytes on some soil types was compensated for by fewer native species present and vice versa, and as a result, this factor did not have a significant effect on the species richness of the weed community as a whole.
In previously published analyses, the effects of explanatory variables were often hidden by their covariance structure. The statistical approach used in this and earlier papers (Pyšek et al. 2002a (Pyšek et al. , b, c, 2003a (Pyšek et al. , 2005 allows us to evaluate the effects of particular variables, independent of other variables. The analysis thus gives a sound basis for unbiased discussion of regional patterns in performance of weeds on arable land and evaluation of underlying variables. It is possible to test previously suggested patterns of alien species richness in temperate plant communities, such as their affinity for warmer conditions (e.g., Mihulka 1998 , Hü gin 1999 , Pyšek et al. 2002a , and the increase of neophytes over time (Kowarik 2003 , Pyšek et al. 2003b , and separate the net effects from spurious results caused by mutual correlation of variables. Moreover, using this approach on a data set spanning several decades, and including a number of relevant variables, allowed considerable detail in the analysis of the observed pattern and revealed subtle and specific effects of particular variables.
